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14.1 Introduction
Carbon dioxide sequestration is crucial for limiting global warming. Several authors
(Jang and Lee, 2016) have already studied the possibility of carbon sequestration in
ordinary Portland cement (OPC)-based cementitious construction materials, but no
CO2 sequestration studies were performed using alkali-activated materials. These ma-
terials are produced though the reaction of an aluminosilicate powder (precursor) with
an alkaline activator, usually composed by hydroxide, silicate, carbonate, or sulfate
leading to the formation of an amorphous aluminosilicate gel and secondary nanocrys-
talline zeolite-like structures (Provis, 2014) and have a particular ability for the reuse
of several types of wastes (Bernal et al., 2016). Some wastes like ﬂy ash (FA) deserve a
special attention because they are generated in high amount and have a very low reuse
rate. USA has a reuse rate for FA of around 50% meaning that 30 million tons of FA
are not reused annually. Waste glass is also a waste that is generated in relevant quan-
tities and that merits increased recycling efforts. The use of waste glass in alkali-
activated binders is especially interesting because its high SiO2 content allows for a
reduction in the content of sodium silicate thus reducing the cost of this binder which
constitutes one of the shortcomings of alkali-activated materials (Pacheco-Torgal
et al., 2016). This justiﬁed recent studies on alkali-activated materials containing waste
glass (Martinez-Lopez and Escalante-Garcia, 2016; Wang et al., 2016). This chapter
presents results of an investigation concerning carbon dioxide sequestration on FA/
waste glass alkaline-based mortars with recycled aggregates and different sodium
hydroxide concentrations.
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14.2 Experimental program
14.2.1 Materials
The mortars were made of FA, calcium hydroxide, waste glass, OPC, recycled aggre-
gates, and a sodium hydroxide solution. The FA was obtained from the PEGO Ther-
mal Power Plant in Portugal and categorized as class B and group N according to the
ASTM C618-15. Table 14.1 presents the major oxides of FA particles. The Portland
cement is of type I class 42.5 R from SECIL, its composition contains 63.3% CaO,
21.4%SiO2, 4.0%Fe2O, 3.3%Al2O3, 2.4%MgO, and other minor components. The
calcium hydroxide was supplied by LUSICAL H100 and contains more that 99%
CaO. Waste glass from glass bottles ground for 1 hour in a ball mill was also
used. The ﬁnal density of the milled waste glass was 1.27 g/cm3. Solid sodium hy-
droxide was supplied by ERCROS, S.A., Spain, and was used to prepare the
NaOH solution with three different concentrations 7, 8, and 9M. Distilled water
was used to dissolve the sodium hydroxide ﬂakes to avoid the effect of unknown con-
taminants in the mixing water. The NaOH mix was made 24 h prior to use in order to
have a homogenous solution at room temperature. A recycled sand to binder ratio of 4
was used in all the mixtures. The recycled sand was obtained from the crushing of
concrete blocks and sieving them. The average compressive strength of concrete
blocks was around 40 MPa. A sieving operation was carried out to remove dust
particles. It was dried at 105 C for 24 h and it was sieved in advance before being
used. The dimensions of the sieves were 4.75 and 0.6 mm. The recycled sand had
a ﬁneness modulus of 3.885. The detailed grain size distribution of the recycled
sand is presented in Fig. 14.1. The recycled sand had a water absorption capacity
of 13%. Before use, the recycled sand was carbonated in a carbon chamber from
Aralab, model Fitoclima S600 (4.2% CO2, 40% RH, and 20
 C) for 48 h. The
recycled sand had a water absorption capacity of 25%. The explanation for the
increase of the water absorption relates to the fact that when CSH carbonates, its
Ca/Si ratio drops and it becomes highly porous. Studies by NMR spectroscopy
indicate that decomposition of C-S-H caused by carbonation involves two steps:
(1) a gradual decalciﬁcation of the C-S-H, where calcium is removed from the
interlayer and defect sites in the silicate chains until Ca/Si ¼ 0.67 is reached, ideally
corresponding to inﬁnite silicate chains; (2) calcium from the principal layers is
consumed, resulting in the ﬁnal decomposition of the C-S-H and the formation of
an amorphous silica phase ( Savija and Lukovi!c, 2016).
Table 14.1 Chemical composition of major oxides in ﬂy ash (FA)
Material
Oxides (wt%)
SiO2 Al2O3 Fe2O3 CaO MgO Na2O K2O TiO2
FA 60.81 22.68 7.64 1.01 2.24 1.45 2.7 1.46
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14.2.2 Mix design and mortar production
The composition of the mortars is shown in Table 14.2. In the batching process of
the mortars, dry ingredients (FA, recycled sand, calcium hydroxide (or cement),
metakaolin, and milled glass) were mixed for 2 min. Then, sodium hydroxide
was added and again mixed for 3 min. Then, the mixed mortars were cast into cubic
molds (50  50  50 mm3) to assess the compressive strength and in prismatic
beams with dimension (40  40  160 mm) to assess the ﬂexural strength. The
specimens were cured for 24 h at lab conditions (averagely 25!C and 40% RH)
and then they were demolded. Then the specimens were cured in the carbonation
chamber (4.2% CO2 concentration and 40% RH) for 7 days and in the lab
conditions for the remaining days until the age of the test. This is because prelim-
inary experiments showed that all mixtures were fully carbonated during 7 days
through a CO2 preconditioning curing. Three specimens with dimension of
50  50  50 mm3 were cast and used to measure the CO2 sequestration by using
a furnace decomposition method (El-Hassan and Shao, 2015). The carbonated
specimens were placed initially in the oven at 105!C for 24 h to evaporate any
absorbed water. Then, the weights of the dried specimens were recorded. After-
wards, the specimens were put in the calciner at a temperature between 500 and
850!C for 4 h to measure the water bound to hydration products and carbon dioxide
in carbonates. The results revealed that 800!C could be used as the appropriate
decomposition temperature.
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Figure 14.1 Distribution of sand particles.
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Table 14.2 Proportions of mix compositions (kg/m3)
Mixtures
Fly
ash CH PC MK MG SH Sand
Molarity
(mol/L)
80FA_10CH_10 MG_RAGC_CC_7M 340.0 42.5 e e 42.5 215.5 1700.0 7
80FA_10 PC_10 MG_RAGC_CC_7M 341.0 e 43.0 e 43.0 213.0 1706.0
80FA_10CH_10 MG_RAGC_CC_8M 340.0 42.5 e e 42.5 215.5 1700.0 8
80FA_10 PC_10 MG_RAGC_CC_8M 341.0 e 43.0 e 43.0 213.0 1706.0
80FA_10CH_10 MG_RAGC_CC_9M 340.0 42.5 e e 42.5 215.5 1700.0 9
80FA_10 PC_10 MG_RAGC_CC_9M 341.0 e 43.0 e 43.0 213.0 1706.0
CH, calcium hydroxide; FA, ﬂy ash; MG, waste glass; PC, Portland cement; SH, sodium hydroxide.
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14.2.3 Test procedures
14.2.3.1 Compressive strength
The compressive strengths of the mixtures were assessed at different ages of 7, 14, and
28 days. The compressive strength of each mixture was obtained by averaging the
replicated three cubes. All cubic specimens were assessed under compressive load
with a constant displacement rate of 0.30 N/mm2 s, as per the ASTM C109 recommen-
dation. The compressive load was measured with a load cell of 200 kN capacity.
14.2.3.2 Flexural strength
Flexural performance was assessed under Three Point Bending (TPB) load conditions,
as indicated in Fig. 14.2. The ﬂexural load was applied to the beams with a displace-
ment rate of 0.6 mm/min. The ﬂexural load was measured with a load cell of 50 kN
capacity. Eq. (14.1) was used to calculate the ﬂexural strength of specimens under
TPB test:
sf ¼
3FL
2bh2
(14.1)
where, F is the total ﬂexural load, L is span length, b and h are width (40 mm) and
height (40 mm) of beams, respectively.
14.2.3.3 Water absorption
The water absorption by immersion method was based on three cubic specimens
with a 100 mm edge per mixture. The specimens with age of 28 days were dried
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Figure 14.2 Adopted test setup for implementation of the ﬂexural test.
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at the temperature of 105 C.The specimens were then immersed in the water
container at 23!2 C until saturation of the specimens. Next, the specimens were
submerged in water using a mesh container and the mass of the submerged
specimen has been recorded as immersed mass (Wim). Then, the specimens were
removed from the last position and the surface of the specimen was cleaned using
a wet cloth and immediately the weight of the specimens were measured as Wsat.
Then, the specimens were heated in a standard oven at 105 C until they were
dry (reaching a constant mass) and the dried mass of the specimens was noted as
Wdry. Absorption coefﬁcient (A%) was determined for all the specimens using
(Eq. 14.2):
Að%Þ ¼ Wsat %Wdry
Wsat %Wim & 100 (14.2)
The water absorption by capillary method was performed based on the EN 1015-18
standard using three cubic specimens with a 100 mm edge per mixture. Prior to water
absorption by capillary method, the surface area of the specimens were coated with
silicon (except for failure surface resulted from ﬂexural test) in order to assure the
water can be absorbed from one surface of the specimens that is soaked in water.
The quantiﬁcation of absorbed water was performed by conducting weighings of
the specimens at several segment intervals which started at 0, 5, 10, 20, 30, 60, 90,
120, 180, 240, 300, 360,1440, and 2880 min. However, it should be mentioned that,
in order to assess the evolution of the water absorption toward weight stabilization,
periodic measurements were performed for about 4 days. The capillary absorption
coefﬁcient was determined using (Eq. 14.3):
C ¼ M2%M1ffiffiffiffiffiffiffiffiffiffiffiffi
tf % tip (14.3)
in which, C is the capillary absorption coefﬁcient (kg/(m2 min0.5)); M2 is the weight if
the specimen in contact with water at the instant 90 min (kg/m2); M1 is the weight if
the specimen in contact with water at the instant of 10 min (kg/m2); tf is the ﬁnal time,
instant of 90 min (min); and ti is the initial time, instant of 10 min (min).
14.2.3.4 Elastic modulus
According to the ASTM C469 recommendation, three cylinders with 50-mm
diameter and 100-mm height were submitted by the compressive loading to deﬁne
the elastic modulus of the different mixtures. The apparatus consisted of two
aluminum rings with screws for attachment to the specimen and three Linear
Variable Differential Transformer (LVDT) of 50-mm stroke used to record
displacements around the cylinders, as shown in Fig. 14.3. To obtain the elastic
modulus, the specimens were subjected to a cyclic compressive load up to 40%
the compressive strength.
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14.2.3.5 Drying shrinkage
With respect to the ASTM C596-09 recommendation, three prismatic beams with
dimension 25  25  305 mm were cast and prepared for each mixture to assess the
rate of drying shrinkage. After demolding, the beams were cured in a carbonation
chamber using ﬂow-through CO2 gas. In the present study, Graff-Kaufman method
was employed to record the length variations of prismatic beams after demolding.
Employing this method eliminates early registration of length changes. The apparatus
used to measure the length variation is indicated in Fig. 14.4. Two steel snails were
installed at both end sides of the beams to measure length changes of specimens.
An installed steel snail was mounted on a ﬁxed steel base and the other steel snail
(for the other side) was installed in a digital gauge with the accuracy of 0.001 mm,
as shown in Fig. 14.4. The drying shrinkage rates for the mixtures were measured
for more than 40 days. Stabilization of the length variations was taken into account
as the main criterion to stop the shrinkage test.
14.2.3.6 Freeze/thaw resistance
To assess freeze/thaw resistance, three cubic specimens with dimension
100  100  100 mm were cast and tested after 28 days using compressive test.
The equipment to test freeze-thaw resistance, Model Fitoclima 1000, is shown in
Fig. 14.5. The freeze-thaw test was carried out according to PD CEN/TS 12390-9:
2016 standard with temperatures ranging from  18 to þ20#C. The specimens were
kept for 13 h in  18#C and 3 h in þ20#C. The transitions from positive to negative
and negative to positive temperatures took 3 and 5 h, respectively. Fig. 14.6 shows
a freeze-thaw cycle. The specimens were subjected to 50 cycles.
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Figure 14.3 The test set-up used to assess the elastic modulus of the mixtures.
Carbon dioxide sequestration of ﬂy ash alkaline based mortars 355
Figure 14.5 Equipment for testing freeze-thaw resistance.
(a)
(b)
Figure 14.4 (a) The apparatus used to measure the length changes; (b) the prismatic beams used
to assess the rate of drying shrinkage.
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14.3 Results and discussion
14.3.1 Compressive strength
Fig. 14.7 shows the compressive strength of different mixtures. Regardless of the
mixture type and curing age, increasing the molarity from 7 to 8 M increased the
compressive strength. The maximum increase of the compressive strength was
measured in the mixture 80FA_10CH_10 MG_RAGC_CC_8M with about 60%, as
compared to 80FA_10CH_10 MG_RAGC_CC_7M. Several authors already reported
that a high concentration of sodium hydroxide leads to an increase in the coagulation
of silica and a reduction in the compressive strength (Rattanasak and Chindaprasirt,
2009; Gorhan and Kurklu, 2014; Atis et al., 2015). In general the replacement of Port-
land cement by calcium hydroxide is associated with an increase in the compressive
strength. The explanation could be associated to the fact that the replacement may
lead to the formation of a higher amount of CSH gel. This is because of the low sodium
hydroxide concentration used in the present study (Garcia-Lodeiro et al., 2016) that
favors CSH formation. Thus no consistent trend for the compressive strength was
found due to increase in the molarity from 8 to 9M. For instance, the compressive
strength increased around 30% for the mixture 80FA_10 PC_10 MG_RAGC_CC at
the age of 7 days by increasing the molarity from 8 to 9M, while the compressive
strength decreased by about 15% for the mixture 80FA_10CH_10 MG_RAGC_CC.
The explanation for the compressive strength loss with high sodium hydroxide concen-
tration from 8 to 9M is not related to an increase in leaching of silica and alumina from
FA as reported by some scientists (Sata et al., 2013; Hanjitsuwan et al., 2014) because
that explanation is only valid for sodium hydroxide concentrations above 10M that
lead to the formation of aluminosilicate species (Alonso and Palomo, 2001a,b).
Increasing the duration of curing also increased the compressive strength, so that
the maximum compressive strength for the specimens at the age of 14 days was
measured around 9 MPa in the mixture 80FA_10CH_10 MG_RAGC_CC_8M.
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Figure 14.6 Temperature variation for one freeze/thaw cycle.
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Furthermore, no variation in the compressive strength of mixtures was detected by
increasing the curing duration from 14 to 28 days. The maximum compressive strength
was found around 10 MPa in the mixture 80FA_10CH_10 MG_RAGC_CC_8M.
Interestingly, it was found that the maximum compressive strength at the early age
(7 days for the mixture of 80FA_10CH_10 MG_RAGC_CC_8M) was about 70%
of the compressive strength at the ﬁnal age (28 days).
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Figure 14.7 The compressive strength of the mixtures cured for: (a) 7 days; (b) 14 days; (c)
28 days.
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14.3.2 Flexural strength
Fig. 14.8 illustrates the results obtained for the ﬂexural strength. Similar to the results
obtained for the compressive strength, the maximum ﬂexural strength was detected in
the mixture containing sodium hydroxide with the molarity of 8M, so that the
maximum ﬂexural strengths around 3.5 and 2.5 MPa were recorded for the mixtures
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Figure 14.7 cont'd.
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Figure 14.8 Flexural strength.
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of 80FA_10CH_10 MG_RAGC_CC_8M and 80FA_10 PC_10 MG_RAGC_CC_8M,
respectively. Increasing the molarity from 7 to 8M increased about 75% and 210%
the ﬂexural strength of the mixtures 80FA_10CH_10 MG_RAGC_CC and
80FA_10 PC_10 MG_RAGC_CC, respectively, while increasing the molarity from 8
to 9 M reduced about 10% and 45% the ﬂexural strength of the mixtures
80FA_10CH_10 MG_RAGC_CC and 80FA_10 PC_10 MG_RAGC_CC, respec-
tively. Fig. 14.9 shows the correlation between the ﬂexural strength and the compres-
sive strength of the mixtures, consisting high coefﬁcient of determination. Fr represents
the ﬂexural strength. With respect to the developed equations, the rate of improving the
mechanical properties of the mixture 80FA_10CH_10 MG_RAGC_CC was higher
when compared to the mixture 80FA_10 PC_10 MG_RAGC_CC.
14.3.3 Water absorption
Fig. 14.10 depicts the results of water absorption by immersion and density. The
minimum water absorption of around 9.4% is noticed for the mixtures with a so-
dium hydroxide concentration of 8M, the ones that were associated to a higher
compressive strength. No relevant differences were noticed when calcium hydrox-
ide was replaced by Portland cement. An increase in the sodium hydroxide concen-
tration from 7 to 8M lead to a water absorption reduction of 5% and 10% for the
mixtures based on OPC and calcium hydroxide, respectively. As to the reduction
from 8 to 9M a minor water absorption increase was noticed of 5% and 3% for
the mixtures based on OPC and calcium hydroxide, respectively. The minimum
and maximum density were recorded in the mixture consisting of sodium hydroxide
with concentrations of 7M (80FA_10 PC_10 MG_ RAGC_CC_7M with density of
2172 kg/m3 and 80FA_10CH_10 MG_RAGC_CC_7M with density of 2144 kg/m3)
and 8M (80FA_10 PC_10 MG_RAGC_CC_8M with density of 2210 kg/m3 and
Fr = 0.4449Fc – 1.1589
R2 = 1
Fr = 0.7151Fc – 3.778
R2 = 0.8696
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Figure 14.9 Correlation between the compressive strength and the ﬂexural strength.
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80FA_10CH_10 MG_RAGC_CC_8M with density of 2258 kg/m3), respectively.
Fig. 14.11 depicts the capillary water absorption coefﬁcients. Regardless of the con-
centration of the sodium hydroxide, replacing calcium hydroxide by OPC is asso-
ciated to a reduction of the capillary water absorption coefﬁcients. The maximum
reduction was measured to be more than 40% in the mixture containing the molarity
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Figure 14.10 Water absorption versus density.
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Figure 14.11 Capillary absorption coefﬁcient.
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8M. This coefﬁcient was varied in the range of 1.45e2 kg/m2 H0.5 for the mixtures
containing calcium hydroxide, while this coefﬁcient was found to be in the range of
2.51e2.88 kg/m2 H0.5 for the mixtures containing OPC. Since the tendency of mix-
tures to absorb and transmit water by capillary action in the plain mixture functions
by the capillary network, porosity, and tortuosity in the matrix, this means that the
use of calcium hydroxide is associated to a denser microstructure. Abdollahnejad
et al. (2017) also studied alkaline-based mixtures reporting water absorption capil-
larity coefﬁcients in the range of 2.25e4 kg/m2 H0.5 where a lower OPC content
was associated with higher values. Since lower capillarity coefﬁcients were reported
in this study for mixtures with minor amount of calcium hydroxide, it is possible
that the accelerated carbonation curing has been responsible for a coarser capillarity
network.
14.3.4 Elastic modulus
The results of the elastic modulus are shown in Fig. 14.12. Regarding the results,
increasing the sodium hydroxide molarity increased the stiffness of the mixtures, so
that the maximum elastic modulus was recorded in the mixtures containing sodium
hydroxide of concentration 9M. Moreover, it was detected that using calcium hydrox-
ide instead of OPC increased the elastic modulus of the mixtures, regardless of the
molarity. Therefore, the maximum elastic modulus was measured around 800 MPa
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Figure 14.12 Elastic modulus.
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in the mixture of 80FA_10CH_10 MG_RAGC_CC_9M. For the mixture of
80FA_10 PC_10 MG_RAGC_CC, the maximum increase of the elastic modulus
was recorded as 66% due to increase in the molarity from 7 to 8M. Thus for the
mixture of 80FA_10CH_10 MG_RAGC_CC, the maximum increase of the elastic
modulus achieved was 13% due to increase of the molarity from 8 to 9M, as indicated
in Fig. 14.13, where E is the elastic modulus and FC is the compressive strength. The
analytical results from the correlation between elastic modulus and the compressive
strength revealed that the elastic modulus increases with the compressive strength
with higher rate of OPC in the mixture rather than calcium hydroxide. Also a signif-
icant correlation between elastic modulus and compressive strength was found in the
mixture based on OPC but not with the mixture based on calcium hydroxide. More-
over, these results were found in the mixture of 80FA_10 PC_10 MG_RAGC_CC
rather than the mixture of 80FA_10CH_10 MG_RAGC_CC.
14.3.5 Drying shrinkage
The drying shrinkage results are depicted in Fig. 14.14. Regardless of the mixture and
concentration of sodium hydroxide, the rates of drying shrinkages were characterized by
higher initial growth, reaching approximately 50% of the total drying shrinkage rate at
the ﬁrst 7 days for the majority of the mixtures. The minimum and maximum rates of
drying shrinkage were recorded for the mixtures 80FA_10CH_10 MG_RAGC_CC_8M
(0.0131 mε) and 80FA_10CH_10 MG_RAGC_CC_9M (0.0231 mε), respectively.
Moreover, the minimum rate of drying shrinkage for the mixture 80FA_10CH_10
MG_RAGC_CC was measured by sodium hydroxide concentration of 8M. Regardless
of the mixture type, the maximum rate of drying shrinkage was recorded in the mixtures
containing the molarity of 7M. The results can be partially explained by the results of
the modulus of elasticity because mixtures with a lower stiffness have a higher
shrinkage. Also these results are in line with the capillary water absorption and can
be explained by the fact that ﬁner capillary networks are associated with higher capillary
stress that generates shrinkage.
Fc = 0.0062E + 3.8643
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Figure 14.13 Correlation between the compressive strength and elastic modulus.
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14.3.6 Freeze-thaw resistance
Fig. 14.15(a) shows the results of compressive strength of reference mixtures cured at
ambient temperature and the compressive strength after 50 cycles of freeze/thaw. The
results show that mixtures based on OPC have lower strength loss than mixtures that
are based on calcium hydroxide. The differences in the strength loss depend on pore
sizes and distributions, which affect the permeability of the matrix and the distance
to the nearest unﬁlled void. When water freezes in the pores of the matrix, an
expansion in the volume of frozen water occurs, forcing the excess water through
the boundaries. The magnitude of this hydraulic pressure depends on the permeability
of the matrix, the degree of saturation, the distance to the nearest unﬁlled void, and the
rate of freezing, so that this hydraulic pressure exceeds the tensile strength of the
matrix forming the cracks. In further freezing cycles, new cracks will be formed and
the deterioration will proceed. Fig. 14.15(b) shows the results of mass loss. The results
are very similar for the different mixtures, around 1% mass loss, except for the mixture
based on OPC and a sodium hydroxide concentration of 8M that has a 2.7% mass loss
percentage. The mass loss on the freeze-thaw test for the number of cycles used in this
study occurred mostly on the surface of the specimens, thus not helping us to correlate
the results with the results of compressive strength.
14.3.7 CO2 sequestration
Fig. 14.16 depicts the results of CO2 sequestration. The results show that for mixtures
that contain OPC, increasing sodium hydroxide molarities from 7 to 9M consistently
increased the amount of the CO2 sequestration. However, when the mixtures are
compared for the same sodium hydroxide concentration that contain no OPC, no dif-
ferences are detected for both 7M-based mixtures (130 kgCO2eq/m
3) and 9M-based
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mixtures (152 kgCO2eq/m
3). For mixtures based on calcium hydroxide the maximum
CO2 sequestration (164 kgCO2eq/m
3) is noticed for the mixture with a sodium hydrox-
ide concentration of 8M. Since the diffusivity of CO2 in alkali-activated materials is
controlled by the same variables as identiﬁed in conventional Portland cements,
namely the porosity and permeability of the material, and since this mixture does
not have a higher water capillary coefﬁcient (which is a proxy of permeability), the
higher carbon sequestration capacity of this mixture must be associated to a higher
content of CSH that were carbonated. Other authors (El-Hassan and Shao, 2014)
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Figure 14.15 Effect of freeze/thaw on: (a) the compressive strength; (b) mass loss.
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have studied the CO2 sequestration using accelerated CO2 curing in the concrete
blocks containing 13% OPC, reporting a sequestration of 75 kgCO2eq/m
3. This means
that alkali-activated materials have a higher carbon sequestration capacity.
14.3.8 The carbon footprint
The greenhouse gas (GHG) (kgCO2eq/m
3) results were obtained using the EcoInvent
database. Table 14.3 shows the global warming potential for each mortar constituent.
The results of GHG emissions as well as the carbon footprint of the mixtures are indi-
cated in Fig. 14.17. The results show that GHG emissions are strongly dependent on
the increase of the sodium hydroxide concentration. This is because this component
has a high global warming potential. The results also show that the mixtures with
the additive OPC have higher GHG emissions. As a consequence the highest GHG
emissions (175 kgCO2eq/m
3.) are noticed for OPC mixtures with a sodium hydroxide
concentration of 9M, while the lowest (132 kgCO2eq/m
3) is associated with the
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Figure 14.16 CO2 sequestration.
Table 14.3 Global warming potential of each component of mixture
(kgCO2eq)
Recycled aggregates MG CH Fly ash Water PC SH
0.00401 0.00526 0.416 0.00526 0.000155 0.931 2.24
CH, calcium hydroxide; FA, ﬂy ash; MG, waste glass; PC, Portland cement; SH, sodium hydroxide.
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sodium hydroxide concentration of 7M and the additive calcium hydroxide. As to the
overall carbon footprint, while OPC-based mixtures show results around 20 kgCO2eq/
m3, the mixtures based on calcium hydroxide have almost null results and the mixture
based on the sodium hydroxide of 8M even shows carbon dioxide sequestration poten-
tial ( 21 kgCO2eq/m
3). Other authors (Ouellet-Plamondon and Habert, 2014)
reported an embodied carbon of 227 kgCO2eq/m
3 for a mixture of hybrid cement-
based concrete. Also Abdollahnejad et al. (2017) reported global warming potential
in range of 178 and 250 kgCO2eq/m
3 for one-part geopolymer foam mortars
composed of FA, OPC, calcined kaolin, sodium hydroxide, and Ca(OH)2. Those
conﬁrm the very good carbon footprint performance of the mixtures developed in
this study.
14.3.9 Correlation between the compressive strength and
carbon footprint
This stage aimed to correlate the compressive strength and carbon footprint of the
mixtures. Thus, the carbon footprint of each mixture was normalized by the compres-
sive strength of mixtures at 28 days. The amount of carbon dioxide released into
the atmosphere per 1 MPa was computed by normalizing the carbon footprint to the
compressive strength (Fig. 14.18). With respect to the results, regardless of the
molarity, the mixture of 80FA_10CH_10 MG_RAGC_CC presented values lower
than 0.2 kgCO2eq/m
3MPa. The results show that the mixture based on the additive
shows the lowest ratio emissions/strength. The mixture with the sodium concentration
of 8M even shows a negative ratio. As to the mixtures based on OPC the worst case
scenario is of 3 kgCO2eq/MPa.
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Figure 14.17 Greenhouse gas emission and carbon footprint.
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14.3.10 Cost analysis of the mixtures considering carbon tax
This stage has been assigned to assess the cost of FA alkaline-based mortars containing
recycled carbonated aggregates. The cost of mixtures for one cubic meter was
computed with respect to the listed prices of mixtures’ ingredients in Table 14.4, which
were provided by their suppliers. Moreover, two scenarios were also assumed to
consider the carbon tax in the total price of each mixture, including (1) 0.0347
Euro/kg for the carbon footprint as the ﬁrst scenario (Stanford Report, 2015); (2)
0.206 Euro/kg for the carbon footprint of mixtures as the second scenario (Moore
and Diaz, 2015). The total costs of the mixtures are shown in Fig. 14.19 The fact
that the cost of calcium hydroxide is almost three times the cost of OPC explains
why for the same sodium hydroxide concentration OPC-based mixtures have a lower
cost. The minimum cost is found in mixtures with the sodium hydroxide concentration
of 7M being 136 Euro/m3 for mixtures based on OPC additive and 144 Euro/m3 for
those based on calcium hydroxide. Increasing the sodium hydroxide concentration
to 9M leads to a cost of 144 Euro/m3 for mixtures based on OPC and of 152 Euro/
m3 for mixtures using calcium hydroxide additive. When a carbon tax with the value
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Figure 14.18 Ratio of carbon footprint to the compressive strength.
Table 14.4 Costs of the materials (Euro/kg)
Recycled aggregates MG CH Fly ash Water PC SH
0.047 0.009 0.283 0.03 0.01 0.1 0.85
CH, calcium hydroxide; FA, ﬂy ash; MG, waste glass; PC, Portland cement; SH, sodium hydroxide.
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of 0.0347 Euro/kg is considered (scenario 1), the results follow the same previous
trend meaning that such carbon value is too low to lead to visible changes. As to
the scenario 2 with a higher carbon tax it leads to a minor increase of around 4% in
the cost of mixtures using the OPC additive. For this scenario mixtures based on
OPC additive and a sodium hydroxide concentration of at least 8M would have a
cost similar to calcium hydroxide-based mixtures. However, since the mixtures with
the calcium hydroxide additive have a much lower carbon footprint, the mixtures
with the sodium hydroxide concentration of 7 and 9M show no cost increase while
the mixture with the sodium hydroxide concentration of 8M shows a minor reduction
which is explained by its carbon sequestration capacity.
14.4 Conclusions
The mixtures with calcium hydroxide and sodium hydroxide concentration of 8M lead
to the highest compressive strength (10 MPa) which is high enough for the production
of masonry blocks. The results show that the replacement of Portland cement by cal-
cium hydroxide is associated with an increase in the compressive strength due to the
formation of a higher amount of CSH gel. The maximum ﬂexural strength is 3.5 MPa.
Signiﬁcant correlations between the ﬂexural strength and the compressive strength
were noticed. The mixtures show low water absorption by immersion (9%), as well
as by capillarity (1.4 kg/m2 H0.5), and it is possible that the accelerated carbonation
curing has been responsible for the coarser capillary network. The results of the
modulus of elasticity show that increasing the sodium hydroxide molarity increased
the stiffness of the mixtures. Also a signiﬁcant correlation between elastic modulus
and compressive strength was found in the mixture based on OPC. The results of
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Figure 14.19 Cost of the mixtures.
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drying shrinkage are in line with the results of the capillary water absorption and of
elastic modulus. A maximum CO2 sequestration (164 kgCO2eq/m
3) is noticed for
the mixture with a sodium concentration of 8M based on the additive calcium hydrox-
ide. The overall carbon footprint results show that while mixtures with OPC additive
show results around 20 kgCO2eq/m
3, the mixtures based on calcium hydroxide have
almost null results and the mixture based on the sodium hydroxide of 8M even shows
carbon dioxide sequestration potential ( 21 kgCO2eq/m
3). For the same sodium
hydroxide concentration, OPC-based mixtures have a lower cost. The minimum
cost is of 136 Euro/m3 for the sodium hydroxide concentration of 7M. The carbon
tax of 0.0347 Euro/kg shows no inﬂuence on the cost of the mixtures while the carbon
tax of 0.206 Euro/kg shows an increase in the cost eco-efﬁciency of mixtures with the
additive calcium hydroxide as well as a minor reduction in the cost of mixture with
carbon sequestration capacity.
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